A recycling pathway in peripheral nerve permits cholesterol from degenerating myelin to be salvaged by macrophages and resupplied to myelinating Schwann cells by locally produced lipoproteins. A similar reutilization of cholesterol by regenerating axons has been proposed but not demonstrated. Neurites in culture, however, do take up cholesterol and cholesterol-containing lipoproteins, where these molecules are found to promote neurite extension. To test the requirement for cholesterol reutilization in axon regeneration and myelination, we examined 2 models of blocked intracellular cholesterol transport: 1) bone marrow transplants from Niemann-Pick C mice into wild-type recipient mice, and 2) imipramine treatment. Following nerve crush in these models, we found that unusually large, debris-filled macrophages appeared and persisted for many weeks. A morphometric analysis of regenerating nerves revealed that myelination proceeded at a normal rate (normal g-ratios), but that axon growth was retarded (decreased fiber numbers and diameters) in these animals. Cholesterol synthesis was elevated in these nerves, indicating that Schwann cells compensated for the decreased exogenous supply of cholesterol by up-regulating de novo synthesis to support myelination. These data indicate that Schwann cells are not dependent on cholesterol reutilization to support myelination, but that optimal axonal regeneration is dependent on a local supply of cholesterol.
INTRODUCTION
Following the discovery of apolipoprotein E (apoE) synthesis within regenerating sciatic nerve (1, 2), Ignatius and Mahley hypothesized a pathway for local cholesterol recycling within regenerating peripheral nerve (3, 4) . According to this hypothesis, cholesterol from degenerating myelin is salvaged by macrophages, packaged into apoEcontaining lipoprotein particles, and provided to regenerating axons and myelinating Schwann cells for reutilization in the synthesis of axonal and myelin membranes, respectively. Support for this hypothesis comes from our demonstration that cholesterol synthesis is low in regenerating nerve (5) , that cholesterol from degenerating myelin becomes associated with apoE-containing lipoproteins (6) , and that cholesterol from degenerating myelin is efficiently recycled into new myelin (7) . We have also shown that serum cholesterol does not participate in this process (8) , and that some myelin fatty acids are recycled by the same mechanism (9) . Together, these studies document a very efficient cholesterol-recycling pathway for myelinating Schwann cells in regenerating peripheral nerve (reviewed in 10). Supported by USPHS grant NS-36614.
Much less is known about the putative cholesterol reutilization pathway for regenerating axons. Indirect support for this pathway has come primarily from studies of neurons in culture, where it has been shown that cholesterol and cholesterol-containing lipoproteins are taken up by neurites and promote neurite extension (11) (12) (13) (14) (15) . We have provided additional indirect support for the importance of this pathway for regenerating axons in a mouse model of Niemann-Pick C (NPC) disease, which is characterized by a block in the intracellular trafficking of cholesterol. Following nerve crush in NPC mice, we found cholesterol reutilization significantly diminished and nerve regeneration noticeably retarded (16) . We have now refined this in vivo model by performing bone marrow transplants (BMT) from NPC mice into wild-type (WT) recipient mice. Following nerve crush in this BMT model, the macrophages infiltrating the nerve will have the NPC phenotype and prohibit cholesterol recycling, while the regenerating axons and myelinating Schwann cells will be normal. In a parallel set of experiments, we pharmacologically blocked cholesterol recycling in crushed nerves with imipramine, an agent that traps internalized cholesterol in the lysosomal compartment (17, 18) . Our hypothesis was that the trapping of cholesterol from the degenerating myelin in macrophages by these 2 approaches would dramatically reduce cholesterol reutilization by both Schwann cells and axons and retard axonal regeneration. Using these 2 in vivo models, we find that regenerating axons grow more slowly, suggesting that optimal axon growth is dependent on the local supply of recycled cholesterol. In contrast, Schwann cells fully compensate for the diminished supply of recycled cholesterol by up-regulating de novo synthesis of cholesterol to maintain normal myelination of regenerating axons.
MATERIALS AND METHODS

Materials
DL-3-[glutaryl- [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) (57 mCi/mmol) and R- H(N)]mevalonolactone (39 Ci/mmol) were obtained from New England Nuclear (Boston, MA). Imipramine was obtained from Sigma (St. Louis, MO). Silica gel 60 thin layer chromatography plates, ScintiSafe Econo 2 scintillation cocktail and solvents were obtained from Fisher Scientific (Norcross, GA). Mini-osmotic pumps were from Alza Corporation (Palo Alto, CA). Nerve perfusion cuffs were custom designed by NeuroStream Technologies (Burnaby, Canada).
Animal Models
All animal procedures were in strict accordance with the NRC Guide for the Care and Use of Laboratory Animals and were approved by our University's Animal Care and Use Committee.
Bone Marrow Transplants: NPC and WT mice were generated in our breeding colony (BALB\c npc nih ) and identified by PCR for the NPC1 gene (19) . Bone marrow was harvested from femurs of NPC and WT mice in Eagle's basal medium (BME) containing 15% fetal bovine serum (FBS). Marrow cells were resuspended in 150 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA for 4 min to destroy red blood cells. The remaining cells were harvested and resuspended in BME containing 15% FBS. Approximately 5 ϫ 10 6 NPC or WT bone marrow cells in 150 l were injected into the orbital sinus of 8-wk-old WT mice that had previously received 850 cGy of irradiation from a 137 Cs source. Following recovery (2-4 wk), the left sciatic nerves of bone marrow transplant (BMT) recipient mice were crushed at the level of the sciatic notch as previously described (5) . Segments of nerve distal to the crush were collected 1, 2, 4, 6, 8, and 10 wk later for analysis, as described below.
Nerve Perfusion: Male Sprague-Dawley rats (300-400 g) were obtained from Charles River Breeding Laboratories (Raleigh, NC). Following anesthesia with ketamine (70 mg/kg) and xylazine (12.5 mg/kg), the left lower extremity, abdomen, and dorsum of each animal were shaved. Using a microsurgical operating microscope (Applied FiberOptics, Southbridge, MA), the left sciatic nerve was exposed from the sciatic notch to the popliteal fossa. A 10-mm section of nerve was carefully freed of surrounding fascia and connective tissue, and a silicon perfusion cuff was placed around the nerve and then closed. The cuff was 8.5-mm long, with a chamber inside diameter of 1.8 mm and an end-ring inside diameter of 1.0 mm. Inlet and outlet catheters were attached at opposite ends of the cuff. The inlet catheter was directed subcutaneously to a mini-osmotic pump (8-mm diameter, 24-mm long) placed subcutaneously along the dorsum of the animal and extending caudally from the level of the fourth thoracic rib. The osmotic pump was filled with 20 M imipramine (in 0.9 % saline) or 0.9 % saline (control) and the solution was delivered at 0.5 l/h for 14 days. The outlet catheter was directed subcutaneously to the lower abdomen where it was placed into the peritoneal cavity through a small 1-2-mm incision. The perfusion cuff was sutured to surrounding muscle to hold it in place using 4-0 nylon. The nerve was crushed just proximal to the perfusion cuff using a hemostat clamped for 30 s. Muscle and skin were closed in separate layers using 5-0 chromic gut. After 14 days, the crushed and perfused nerves were collected from live animals (anesthetized as above) before euthanization.
Morphological Methods
Light and Electron Microscopy: At various intervals after nerve crush, a 5-mm segment of each sciatic nerve beginning 1 mm distal to the site of crush or within the perfusion cuff was removed and immersion fixed for 24 h in buffered 4% glutaraldehyde. The nerve segment was washed in buffer, postfixed in Dalton's chrome osmium for 1 h, dehydrated, and embedded in Spurr's resin. For conventional light microscopy, 1-m cross-sections were cut and stained with p-phenylenediamine. For electron microscopy, ultrathin sections were cut, stained with uranyl acetate and lead citrate, and examined with a LEO microscope.
Morphometry: A semiautomated method for quantification of myelinated fiber data was performed as described by Rath et al (20) . All nerves were sampled 2-3 mm from the site of crush. Video images of cross sections of nerve, each encompassing an area of 7,931 m 2 , were captured from a Nikon Microphot-FXA microscope with Scion Image software (Scion Corp., Frederick, Maryland). Three images comprising the peripheral, middle, and central regions of each nerve were acquired and the myelinated fibers counted. Myelinated fiber density was calculated as the average of these 3 fields. Nerve diameters were measured using a 10ϫ reticle objective to determine total cross-sectional areas, and total myelinated fibers per nerve calculated from fiber density measurements. Axon and fiber perimeters and areas were measured for every myelinated fiber within these 3 fields using Scion Image software. Axon and fiber diameters were then derived mathematically from these 4 measures. Between 200 and 500 fibers were analyzed from each nerve.
HMG-CoA Reductase Assay
One to 4 wk after the left nerve was crushed, right and left sciatic nerve segments were taken from normal mice, NPC-BMT mice, and WT-BMT mice for determination of HMGCoA reductase (EC 1.1.1.34) activity, as previously described (5). Three nerves were pooled for each assay. In brief, pooled, desheathed nerve segments were homogenized in 0.3 ml buffer and subjected to centrifugation at 10,000ϫ g for 1 min. The supernatants were collected and incubated with [
14 C]HMG-CoA at 37ЊC for 2 hours. [ 3 H]mevalonolactone was added as an internal standard, and the [ 14 C]mevalonolactone that formed was extracted and then separated by thin layer chromatography. Radioactivity was quantified by liquid scintillation spectroscopy, with activity expressed as pmol HMG-CoA reduced/min/mg protein in the supernatant.
RESULTS
Cellular Debris Becomes Trapped in NPC Macrophages
Following Nerve Crush
The progression of nerve degeneration and regeneration in NPC-BMT and WT-BMT mice is shown in Figure 1004 GOODRUM ET AL J Neuropathol Exp Neurol, Vol 59, November, 2000 Fig. 1 . Light microscopic photographs of regenerating nerves in mice with wild-type (WT) or Niemann-Pick C (NPC) bone marrow transplants (BMT). A: Two weeks after nerve crush in the WT-BMT mouse macrophages filled with debris are abundant (arrows). Axon regeneration and myelination are well established. B: Two weeks after nerve crush in the NPC-BMT mouse the debris-laden macrophages (arrows) appear more abundant and larger than in the WT-BMT mouse. Axon regeneration and myelination appear less advanced. C: Four weeks after nerve crush in the WT-BMT mouse, macrophage numbers and size have decreased as regeneration progresses. D: Four weeks after nerve crush in the NPC-BMT mouse the debris-laden macrophages persist in large numbers, and while regeneration has progressed, it is still retarded compared to the WT-BMT mouse. E: Ten weeks after nerve crush in the WT-BMT mouse regeneration is essentially complete. Macrophages are rare, while axons are large and well myelinated. F: Ten weeks after nerve crush in the NPC-BMT mouse debris-filled macrophages are still large and abundant (arrows). Nevertheless, regenerated axons appear comparable to those in the WT-BMT mouse. Magnifications: ϫ880. 1. Two weeks after nerve crush, axonal degeneration and myelin degeneration in sciatic nerve were advanced and many debris-filled macrophages were present in both mouse models. The debris-filled macrophages appeared larger in the NPC-BMT mouse. Early axonal regeneration and myelination were evident in both mouse models, but they were much less advanced in the NPC-BMT mouse. Four weeks after nerve crush, axon regeneration and myelination were well advanced in both mouse models, but again they were less advanced in the NPC-BMT nerves. Debris-filled macrophages were larger and more numerous in the NPC-BMT mouse at this time point. By 10 wk after nerve crush, axon regeneration and myelination appeared qualitatively similar in the NPC-BMT and WT-BMT models. Very few macrophages remained in the WT-BMT nerves, whereas many large, debris-filled macrophages persisted in the NPC-BMT nerves at 10 wk after crush.
The debris within macrophages in the NPC-BMT nerves was morphologically heterogeneous, with large lipid inclusions predominating (Fig. 2) . Crystalline clefts characteristic of cholesterol storage were observed in many macrophages from the NPC-BMT nerves (Fig. 2B) .
Cellular Debris Becomes Trapped in Macrophages Following Imipramine-Induced Blockage of Intracellular Cholesterol Traffic
Perfusion of crushed rat sciatic nerve with 20 M imipramine for 2 wk resulted in morphological changes similar to those seen in the NPC-BMT nerves following crush injury (Fig. 3) . Very large, debris-filled macrophages were abundant in the imipramine-treated nerves, while smaller and less numerous macrophages were found in saline-perfused nerves. Axonal regeneration and myelination were present in imipramine-perfused nerves, but appeared less advanced than in saline-perfused nerves.
Myelination Is Normal but Axonal Growth Is Retarded when Cholesterol Recycling is Inhibited
Because of the qualitative differences in the extent of axonal regeneration and myelination in the NPC-BMT mice, we carried out a morphometric analysis of myelinated fibers at 2, 4, and 10 wk after nerve crush. At each time point the density of myelinated fibers in the NPC-BMT nerves was less than that in the WT-BMT nerves, with the differences being significant at 2 and 4 wk (Table 1). Likewise, the total number of myelinated fibers per nerve was less in the NPC-BMT nerves at each time point, with the differences being statistically significant at the 2-wk time point. By 10 wk there were no differences in density or number of myelinated fibers between NPC-BMT and WT-BMT nerves.
The diameters of myelinated fibers were also substantially smaller in the NPC-BMT mice at 2 and 4 wk after crush (Fig. 4) . By 10 wk after crush there was no difference in fiber diameters between the 2 models. Fiber diameter is a combined measure of axon diameter and myelin sheath thickness. To determine if one or both of these parameters were responsible for the smaller myelinatedfiber diameters at 2 and 4 wk, we also measured axon diameter and the g-ratio (axon diameter/fiber diameter). Average axon diameter in myelinated fibers was 15% smaller in the NPC-BMT nerves at 2 and 4 wk (Table  1) , which corresponds to a 27% reduction in cross-sectional axon area. In contrast to this difference in axon size, there was no difference in the g-ratios in the 2 models at any time point (Table 1) . Similar morphometric results were obtained in the imipramine-perfused crushed rat nerves, where myelinated fiber diameters, but not gratios, were significantly reduced ( Table 2 ; Fig. 5 ).
HMG-CoA Reductase Is Up-Regulated During Regeneration of NPC-BMT Recipient Mouse Nerves
We measured HMG-CoA reductase activity during the first 4 wk after nerve crush. HMG-CoA reductase is the key regulatory enzyme in cholesterol synthesis, with its levels being determined by end-product inhibition from sterols, and in particular by receptor-mediated uptake of lipoproteins (21) . Reductase activity in sciatic nerve accurately reflects the synthetic rate of cholesterol, parallels the rate of myelin synthesis in developing nerve, and is down-regulated by cholesterol recycling in regenerating nerve (5). Thus, HMG-CoA reductase activity in peripheral nerve is assumed to reflect predominantly the activity in Schwann cells. Enzyme activity in crushed nerve of untreated mice (no BMT) and WT-BMT mice was 20%-30% of that in the contralateral uninjured nerve during the first 4 wk after nerve crush, consistent with previous studies (5, 21) (Fig. 6) . In contrast, enzyme activity in crushed nerve of NPC-BMT mice rose to levels about 300% higher than those in crushed nerves of WT-BMT mice at 3 and 4 wk after nerve crush, despite their being fewer and smaller myelinating fibers in the NPC-BMT mice.
DISCUSSION
Substantial in vitro evidence suggests that axon regeneration may be responsive to local cholesterol availability (11) (12) (13) (14) (15) (16) . To test this possibility, we sought animal models in which cholesterol recycling within regenerating nerve would be disrupted. NPC disease is characterized by lysosomal storage of free cholesterol. The mutant gene for this disease has been isolated, and the gene product, NPC1, has homology to proteins involved in regulating cellular sterol balance (19) . Recent studies of NPC disease indicate that there is a block in the intracellular trafficking of internalized cholesterol and that this leads to an accumulation of cholesterol in endosomal/lysosomal compartments (23, 24) . Consistent with this established defect, we previously demonstrated that cholesterol recycling is dramatically reduced in regenerating nerve of NPC mice (16) . By transplanting bone marrow from an NPC mouse into a WT recipient, we produced a nerve regeneration model in which the neurons (axons) and Schwann cells are normal (WT) but the macrophages that infiltrate the injured nerve have the NPC phenotype. Our expectation was that these transplant recipient mice would also exhibit diminished recycling of cholesterol into the Schwann cells and axons due to cholesterol storage in the defective NPC macrophages. The presence and persistence of numerous, abnormal, debris-filled macrophages with crystalline clefts characteristic of cholesterol storage and the increased activity of HMG-CoA reductase, which is normally suppressed by cholesterol recycling due to end-product inhibition (5), demonstrate that cholesterol recycling is greatly reduced in the NPC-BMT model. Imipramine is one of several hydrophobic amines that trap internalized cholesterol in the lysosomal compartment of treated cells and produce metabolic effects on cells similar to those found in NPC disease (17, 18) . Thus, our expectation was that imipramine treatment of crushed nerve would provide an independent pharmacological model whereby cholesterol recycling could be reduced. Imipramine perfusion of crushed rat nerve for 2 wk led to a great accumulation of unusually large, lipidfilled macrophages that were morphologically very similar to those found in the crushed nerves of NPC-BMT mice. The striking similarity of the abnormal macrophages in the imipramine model to those in the NPC-BMT model provides evidence that these abnormalities are due directly to the entrapment of cholesterol in macrophages in this imipramine-perfusion/nerve-crush model rather than to some alternative effect of imipramine. Thus, we have produced 2 nerve regeneration models in which cholesterol recycling within nerve is substantially reduced because of trapping of internalized cholesterol within macrophages.
The normal g-ratios in the regenerating NPC-BMT mouse nerves and in the imipramine-treated rat nerves indicate that the degree of myelination was appropriate for the size of the regenerating axons. Thus, inhibition of cholesterol recycling had no effect on myelination of regenerating axons. Cholesterol recycling ordinarily downregulates cholesterol synthesis in Schwann cells, due to end product inhibition of HMG-CoA reductase. Given that cholesterol recycling was inhibited but myelination was normal in the regenerating NPC-BMT nerve, our expectation was that HMG-CoA reductase would be elevated in these nerves in order to support this normal level of myelin synthesis. This was indeed the case and indicates that Schwann cells up-regulate cholesterol synthesis to compensate for the deficit in recycled cholesterol. The observation that cholesterol synthesis was not yet increased in NPC-BMT nerves at 2 wk after crush is to be expected, as there are substantially fewer myelinating axons in the NPC-BMT nerve and little myelin is forming relative to the WT-BMT nerve at this early time point (Table 1 ; Fig. 1 ). By 4 wk, when the numbers and calibers of regenerating axons have increased in the NPC-BMT mice, cholesterol synthesis increases to meet the needs of myelination. These data demonstrate that myelinating Schwann cells in regenerating nerve are not dependent on cholesterol recycling.
In contrast to the normal myelination of regenerating axons in the NPC-BMT and imipramine-perfusion models, we consistently found fewer and smaller myelinated axons in these models during the early weeks after nerve crush. Two weeks after nerve crush, fiber density and total fibers per nerve were significantly decreased in the NPC-BMT model, with the NPC-BMT nerves containing 65% fewer myelinated fibers than the WT-BMT nerves. The regenerating fibers in both models also had significantly smaller axon diameters and fiber diameters than controls at 2 wk after nerve crush. By 4 wk after nerve crush, regenerating fibers in the NPC-BMT mouse were beginning to catch up with those in controls. NPC-BMT Fig. 4 . Histograms of fiber diameters in regenerating nerves from mice with wild-type (WT) or Niemann-Pick C (NPC) bone marrow transplants (BMT). Two and 4 wk after nerve crush, the fiber size distribution is skewed toward smaller fibers and the average fiber diameter is smaller (p Ͻ 0.05, t-test) in the NPC-BMT mouse nerves. There is no difference in size distribution or average fiber diameter at 10 wk. Data are means Ϯ SEM of 3-5 nerves at each time point. At the 2-wk time point, 100-300 fibers per nerve were measured. At the 4-and 10-wk time points, 300-500 fibers per nerve were measured. nerves now had only 20% fewer myelinated fibers than in the WT-BMT nerves, and this difference was no longer significant. The regenerating fibers in NPC-BMT nerves continued to show significantly smaller axon diameters and fiber diameters at 4 wk, although these differences were less than at 2 wk after nerve crush. By10 wk after nerve crush there were no significant differences in axon diameter, fiber density, or fiber number, indicating that axon regeneration eventually catches up to control values. The current data do not allow us to determine whether the rapid catch up in numbers of total fibers between 2 and 4 wk is due to a delay in initiation of axonal regeneration or to retardation in growth of axonal caliber to the minimal size necessary for myelination to begin.
The very similar effects on axonal regeneration observed in these 2 models suggest that these effects are due directly to the entrapment of cholesterol in macrophages, a feature which both models share, and not due to some secondary defect in the NPC macrophages or an additional effect of imipramine. Thus, we believe our studies provide good evidence that optimal axon regeneration is dependent on a local source of cholesterol. An alternative explanation for the retarded axonal regeneration, such as altered secretion of cytokines or other growth factors by the perturbed macrophages, is possible but less attractive for 2 reasons. First, the cholesterol recycling explanation is consistent with the substantial supportive data from in vitro studies showing that uptake of extracellular cholesterol promotes neurite growth (11) (12) (13) (14) (15) , and it can account for the qualitatively smaller regenerating fibers we observed in the NPC mouse (16) . Second, the cytokine explanation presupposes that cytokine production in macrophages would be altered in the same way in 2 very different models.
The mechanism by which locally internalized cholesterol promotes axonal growth is unknown. It has been postulated that this internalized cholesterol is used in the local assembly of new axonal membrane and thus contributes to axon growth (3, 4, 14, 15) . There is no synthesis of cholesterol within axons (14) . Cholesterol is synthesized in the cell bodies of sciatic nerve axons and supplied to these axons by rapid axonal transport (25) , so that there should be no absolute requirement for an extracellular cholesterol source for axonal growth, a conclusion our data as well as that from in vitro studies support. When cholesterol synthesis in the cell body is inhibited however, uptake of cholesterol by axons can compensate for this loss, indicating that uptake of local cholesterol can be used for axonal membrane synthesis (15) . It may be that cholesterol synthesis is the rate-limiting step in axonal membrane assembly and that an extracellular source of cholesterol accelerates axonal growth.
The long-term consequences of a large reduction in cholesterol recycling in regenerating rodent peripheral nerve are minimal. Despite retarded axon growth in the first few weeks after nerve crush, nerve regeneration is nearly normal by 10 wk after crush in the NPC-BMT mice. Nevertheless, these results may have important clinical implications for axonal development and regeneration. Regeneration of injured human nerves is frequently slow and incomplete, and this situation is exacerbated if there is a long delay between injury and repair (26) . Chronically denervated nerves are eventually cleared of the myelin debris, leaving no local supply of cholesterol in the distal stump. Therapeutic strategies to enhance the local availability of cholesterol or its uptake by axons in the distal stump may promote a more robust regeneration of peripheral nerves.
These results in the PNS are also relevant to CNS axonal development and regeneration. Several apolipoproteins and their receptors are present in CNS and are differentially regulated during development and following injury (27) . Furthermore, clearance of debris and axon sprouting appear to be disrupted following hippocampal lesions in the apoE knockout mouse (28, 29) . Based on these and other studies, cholesterol and apolipoproteins are hypothesized to have major roles in CNS axon growth and regeneration and in neurodegenerative diseases (30) (31) (32) . Our demonstration that optimal regeneration of PNS axons is dependent on the presence of locally produced cholesterol-containing lipoproteins lends support to these hypotheses.
